The increasing share of electric vehicles (EVs) 
INTRODUCTION
EVs are an additional load and will increase the loading of the grid in the future. On the other hand they can be used for ancillary services. Charging EVs when the electricity price is low would be one possibility. Using fluctuations of the electricity price to feed electricity back into the grid (vehicle-to-grid) would be another.
ELECTRICITY PRICE
The intraday market of the European Power Exchange (EPEX SPOT SE) allows customers to trade 15-minute periods or 1-hour periods starting at 3 pm for the following day until 45 minutes before delivery begins. The German intraday price of the EPEX SPOT SE of the year 2011 was used as the power generation price in the following studies. [1] Fees and taxes were added to get the final price paid by the consumer, which was on average 0.2523 €/kWh [2] in Germany in 2011. The effect of higher price fluctuations was evaluated in this paper by increasing the fluctuations while keeping the average constant. The price variation factor k is the quotient of the variance of the modified price divided by the variance of the original price.
LOW-VOLTAGE NETWORKS
General statements cannot be gained by analyzing just one low-voltage network because each network is unique in its design and dimensions. Therefore, the reference networks from [3] where used in this paper. These reference networks were developed by statistically analyzing 87 low-voltage networks in Bavaria, Germany. The results of this analysis are typical low-voltage networks for rural areas, villages and suburbs. The households and farms in these networks were modeled using statistically generated load profiles. These load profiles were gained by using statistics concerning the user behavior of different types of house hold loads (e.g. lights, refrigerators and computers). For more information on these load profiles please refer to [4] .
STATISTICAL TRAFFIC MODEL
In order to choose the best time when to charge an EV, the charging system must know the time of its departure. It is therefore necessary that its owner enters the time of the next departure into the charging system. The time of arrival and departure differs from day to day and from vehicle to vehicle. They are therefore determined with the help of a statistical traffic model, which also calculates the travelled distance. At first it is determined whether the EV is driven on a given day or not. In Germany this is the case for 74 % of cars on average [5] . The travelled distance is then determined with the help of the distribution of annual car mileage taken from [6] . Reference [7] evaluates the parking space demand in different areas in Germany. With the help of the time of the parking space access and departure times from this study, the conditional cumulative distribution functions (CCDFs) of incoming and outgoing cars were derived [8] . CCDFs have to be used because the probability functions are dependant. With these CCDFs the arrival and departure times of each vehicle on each day is determined.
PLUG AND CHARGE STRATEGY (PCS)
In the plug and charge strategy EVs are charged as soon as they return home with nominal power until their batteries are full. The nominal power used in this paper is 11 kW Stockholm, 10-13 June 2013
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(three-phase charging with 400 V and 16 A). The advantage of this charging strategy is its simplicity. There is no communication and no sophisticated controlling device needed. Figure 1 shows the average number of EVs that are being charged in a suburban network with 146 electric vehicles as well as the average price. Most vehicles come home during the evening hours. This leads to a load peak between 16:00 and 22:00, when the electricity price and the power consumption of the households are high. 
UNIDIRECTIONAL PRICE CONTROLLED CHARGING STRATEGY (UCS)
The goal of this charging strategy is to minimize charging costs. With the help of the EPEX SPOT price, the most economic time frame for each vehicle is determined. Most vehicles are charged between 2:00 and 7:00 in the morning, as shown in Figure 2 . During the peak at 4:00 around 34 % of the EVs are charged. 
Power limitation
The price controlled charging strategy leads to a high simultaneity factor which in consequence can cause overloading. This has to be avoided by limiting the maximum charging power of each EV. A reduction of the charging power leads to an extension of the charging time. This could cause some EVs to not be fully charged until their next departure. To prevent this, all EVs have to send a signal of their minimal charging power P min , necessary to fully charge them until their next departure, to a centralized control unit. The centralized control unit then determines the charging power of each EV which has to be greater than P min .
BIRECTIONAL PRICE CONTROLLED CHARGING STRATEGY (BCS)
The bidirectional charging strategy uses high price fluctuations to feed energy back into the grid and thus gain profit. This is done by charging the EVs when the electricity price is low and feeding energy into the grid when the electricity price is high. At first, the maximum electricity price p max during the time the EV is plugged in is determined. The minimum price before and after the maximum price (p min1 and p min2 ) is then determined. The following condition has to be fulfilled in order to feed electricity into the grid:
The parameter q is the price quotient for which feed-in is profitable. It depends on the fluctuation of the electricity price, the battery price and the efficiency of the charging process.
The additional charging cycles of the bidirectional price controlled charging strategy lead to excess aging and a shortened lifetime of the battery. The losses during the charging process also have to be considered. These two effects have a big influence on the economics. The difficulty of this charging strategy is to determine the price where it is profitable to feed into the grid.
Charging losses
The revenue R feed of feeding in the energy E feed at the price p feed with the charging efficiency η amounts to
(2) The battery has to be charged by E ch = E feed to have the same amount of energy in the battery as before the feed-in. Therefore the energy E ch / η has to be taken out of the grid. This leads to charging costs of
Where: p ch : price during the charging process
In order for the bidirectional charging to be profitable (neglecting aging due to additional charging cycles), the following conditions have to be fulfilled
With E ch = E feed Stockholm, 10-13 June 2013
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This means that for a charging efficiency of 83.66 % [9] the price during discharging must be at least 1.43 times as high as during charging.
Battery Aging
The simplified battery degradation model which was developed in reference [10] is used in the following. This model calculates the estimated cycle life N life of Li-Ion batteries in dependency of the depth of discharge DOD by using (6) .
This means that a Li-Ion battery has a lifetime of 2000 cycles for a DOD of 80 % and 800000 cycles for a DOD of 3 %. The aging costs C age for one discharge can be determined with the help of the specific battery investment costs p battery by using (7).
In this paper, specific battery investment costs of 350 €/kWh [10] were assumed. In order to assess the future potential of vehicle-to-grid, investment costs of 120 €/kWh [11] were used. The aging costs increase with the DOD. Thus the maximum DOD has to be limited depending on the price fluctuations. The aging costs for a full cycle for p battery = 350 €/kWh are 0.26 €/kWh, see Figure 3 . These costs are very high compared to the average variation of the electricity price in 2011, which was 0.036 €/kWh. Therefore, it does not make sense to fully discharge the battery. 
COMPARISON OF CHARGING STRATEGIES
The peak of the charging power of the PCS and the households are approximately at the same time. The simulations show that the typical Bavarian low voltage grids are dimensioned to handle such big loads. For highly loaded grids, however, this can lead to overloading. The peaks of the two price controlled charging strategies are during the night, when the consumption of the households is very low. The combined peak of the EVs and the households, as shown in Figure 4 , is much higher for the price controlled charging strategies than for the PCS due to the high simultaneity factor. The transformer rating however is not exceeded in case of the UCS and BCS because of the power limitation. In grids with transformers with a low load to rated power ratio the UCS and BCS can lead to problems. It could happen that overloading can only be avoided if the charging power is reduced so far that some EVs are not fully charged until the next departure. In the investigated reference grids this was not the case. Globally the controlled charging strategies can even out the power consumption. For a high global amount of EVs, dynamic pricing is necessary. If in this case too many EVs are charged simultaneously, the price would go up and some EVs would stop charging. 
Price Comparison PCS-UCS
The PCS leads to a lot of charging processes in the evening, when prices are high (see Figure 1 ). Its costs are therefore the highest. The annual charging costs for the UCS are about 86 € or 9 % less than for the UCS with the price of 2011. These savings increase to 172 € for k = 2 and to 256 € for k = 3. Compared to the single price tariff saving between 35 € (k = 1) and 166 € (k = 3) can be achieved. 
Price Comparison UCS-BCS
The price fluctuation must be greater than 1/η 2 to make up for the losses and even higher to additionally cover the battery aging. The BCS with the standard parameters (p battery = 350 €/kWh, k = 1, η = 0.8366) is not profitable, because such high price fluctuations are very rare. Figure 6 shows the effect of the parameters on the costs. For k = 1 the price fluctuations are too small and for η = 0.8366 the losses are too high to make profit. In order to save a significant amount of money compared to the UCS, the efficiency as well as the price fluctuation factor need to increase and the prices for batteries must decrease. For p battery = 120 €/kWh, k = 3, η = 0.95 the annual charging costs are 122 € less but the additional annual aging costs are 55 €. This adds up to an annual saving of 67 €. The annual energy feed into the grid is 1282 kWh, which is 42 % of the average annual energy consumption of an EV. Even in this highly optimistic scenario, it is doubtful if EV owners are willing to give the control over their battery to the grid operator for 67 €, considering the uncertainty of the exact battery aging costs. 
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CONCLUSION
The price controlled charging strategies lead to an increase in the local consumption peak. With the help of power limitation, this peak does not exceed the transformer rating. The UCS could be the first step towards controlled charging strategies. Its costs are significantly less than the costs of the PCS. Increasing price fluctuations work in its favor. The BCS is currently not profitable. In order to make a significant profit, the price fluctuation as well as the efficiency has to increase and the battery prices have to decrease. Even then, special charging rates are necessary to make bidirectional charging economically interesting to the consumers.
